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Introduct ion 

Methanation is the f i na l  s tage  i n  t h e  p u r i f i c a t i o n  of synthes is  gas  i n  which 
small concentration8 of CO and C02 (0.1 - 0 . s )  are removed c a t a l y t i c a l l y  by 
reac t ion  .with hydrogen:- 

CO + 3H2 = CH4 + H20 A %73eK = -51.8 k cal/mole 

C02 + 4H2 = CH4 + 2H20A€3730K -41.9 k cal/mole 

The methanation process commonly operates  a t  pressure up t o  30 ats and, with 
t h e  n icke l  c a t a l y s t  which is almost un iversa l ly  used f o r  the  process, the  i n l e t  
temperature is about W e C  (570°F). Almoet complete conversion o f  the  oxides o f  
carbon occurs giving a product synthes is  gas  containing l e s s  than 5 ppm CO + C02. 
The temperature r i s e  f o r  t h e  exothermic methanation react ion8 is typica l ly  35°C 
(60'F). 

Catalyst  Formulation 

The c a t a l y s t s  used in the  process are e s s e n t i a l l y  n icke l  metal dispersed on a 
support mater ia l  cons is t ing  of var ious oxide mixtures such as alumina, s i l i c a ,  
lime, magnesia and compounds such as calcium aluminate cements. 
is made the n icke l  is  present  as n icke l  oxide which is reduced i n  the  plant  con- 
v e r t e r  with hydrogen, usual ly  the 3:1 H2:N2 synthes is  gas:- 

When t h e  c a t a l y s t  

NiO + H2 = N i  + H20 A H5730K = -0.8 k cal/mole 

The heat  of reac t ion  is negl ig ib le  and there  is no s i g n i f i c a n t  change i n  temp- 
e ra ture  in the  c a t a l y s t  bed during reduction. 
p lan ts  requi re  that the c a t a l y s t  should preferably be reduced a t  its normal 
operat ing temperature, around 300eC (57OOF). 
formed, however, methanation begiiis with the corresponding temperature r i s e  which 
acce lera tes  reduct ion of the c a t a l y s t  f u r t h e r  down the  reac tor .  
reduction process w i l l  continue a f t e r  the  r e a c t o r  is on-line BO that i t  is common 
f o r  the  a c t i v i t y  of the c a t a l y s t  t o  continue t o  increase  f o r  some time unt i l  an 
equilibrium state, corresponding t o  a p a r t i c u l a r  degree of reduct ion of the  n i c k e l ,  
is reached. I f  engineering considerat ions permit, t h e  reduct ion process can be  
accelerated without detr imental  e f f e c t  upon the  c a t a l y s t  by increas ing  the  
temperature t o  -660°F. 

A good methanation c a t a l y s t  is one which is physical ly  s t rong ,  reducible  a t  3 0 0 ° C  
(570OF) and has a high a c t i v i t y .  In  order  t o  provide a long l i f e ,  it m u a t  r e t a i n  
these proper t ies  i n  use. 
I C 1  c a t a l y s t  11-3, depending on t h e  temperature of operat ion and the presence o f  
poisons in the synthes is  gas ,  f a c t o r s  which a r e  discussed later r e l a t i v e  t o  
c a t a l y s t  l i f e .  
formulation and manufacture of t h e  c a t a l y s t .  

Methanation a c t i v i t y  is r e l a t e d  t o  the  sur face  a r e a  of the  n i c k e l  metal obtained 
when the  c a t a l y s t  is reduced. The highest  sur face  a rea  of metal and the highest  
a c t i v i t y  a r e  obtaiged when the  n i c k e l  is produced as very small c r y s t a l l i t e s ,  
usual ly  below 100 A i n  diameter. 
c a t a l y s t  is t o  support this f i n e  d ispers ion  of n i c k e l  c r y s t a l l i t e s  so that they 
are ava i lab le  for react ion.  The oxides mixed with n i c k e l  a l s o  r e t a r d  growth or 

Design l i m i t a t i o n s  in most modern 

Once some meta l l ic  n icke l  has been 

Clear ly ,  the 

Commonly l i v e s  of  3-5 years  a r e  obtained from charges of 

These proper t ies  can be obtained by c a r e f u l  a t t e n t i o n  t o  the 

One of  the  funct ions of  t h e  o ther  oxides i n  t h e  



106 

s i n t e r i n g  of the metal t o  form l a r g e  c r y s t a l l i t e s  with a lower sur face  a r e a  and 
lower a c t i v i t y .  
ways producing d i f f e r e n t  degrees of  mixing e g by impregnation of a preformed 
oxide support  with a so luble  n i c k e l  compound, or by c o p r e c i p i h t i n g  a n i c k e l  
compound together  with the o ther  mater ia l s  such as aluminium or magnesium as 
hydroxides or carbonates. 
e t c  and p e l l e t i n g  or extruding p r e c i p i t a t e d  mater ia l s ,  t o  produce t h e  f i n a l  
c a t a l y s t .  

Int imate  mixing of the  components can lead t o  the formation of  compounds o r  of 
s o l i d  s o l u t i o n s  of the components which are d i f f i c u l t  t o  reduce a t  360°F but  which, 
when reduced, contain well d i spersed  and well s t a b i l i s e d  nickel .  Methanation 
c a t a l y s t s  i n  p r a c t i c e  therefore  are compromises which achieve an optimm reduc- 
i b i l i t y  with a c t i v i t y  and s t a b i l i t y .  

The nicke l  can be  dispersed among the other  oxides i n  var ious 

These mater ia l s  a r e  worked up by drying, decomposing 

example of  compound formation is provided by alumina which, with nickel  oxide, 
r e a d i l y  forms s p i n e l  compounds of  the  type Ni0.U 0 A temperature around 1000°C 
(1800°F) is necessary f o r  combination when N i O  is2&ed with o( - A120, but  with 
f i n e l y  divided N i O  and g - A1 0 temperatures around %O0C (930OF) ard s u f f i c i e n t .  
When t h e  oxides a r e  coprecipi$a?ed %pinel  precursors't  can be detected in t h e  
dr ied  p r e c i p i t a t e  and such c a t a l y s t s  have t o  be reduced a t  temperatures as high as 
5 0 0 ° C  ( 9 3 ° F ) .  
synthes is  methanation units. 

Magnesia forms s o l i d  so lu t ions  with NiO. 
l a t t i c e s  with N a C l  - type s t r u c t u r e s .  
the  metals (#i2+ = 0.691, M$+ = 0.65 1) allows in te rchangeabi l i ty  i n  a c r y s t a l  
l a t t i c e  and thus the formation o f  s o l i d  so lu t ions  of a n y  proport ions of the two 
oxides is possible .  
NiO.  Thus Takernura et a1 (Ref 1) shoved t h a t  N i O  reduced completely i n  the range 
230" - m0C (440. - 750'F) w h i l e  a lO:6NiO - 903 MgO s o l i d  s o l u t i o n  reduced in 
two s tages ,  one i n  the range 230° - 4 0 0 ° C  and the other  i n  t h e  range 500" - 600°C 
(930" - 11W0F). 
therefore ,  excessive s o l i d  s o l u t i o n  formation should be  avoided. As ind ica ted  
above however s o l i d  so lu t ion  formation is benef ic ia l  i n  re ta rd ing  c r y s t a l  growth 
o f  N i O  during manufacture and of reduced N i  during operation. During manufacture 
a prec ip i ta ted  n i c k e l  compound such as the carbonate has t o  be converted i n t o  
n i c k e l  oxide and, i n  order t o  obta in  small N i O  c r y s t a l l i t e s ,  i t  is des i rab le  that 
the  ca lc ina t ion  temperature should be the  m i n i m u m  compatible with e f f i c i e n t  
conversion of  N i C O  t o  NiO. D i f f e r e n t i a l  thermal ana lys i s  (figure 1 )  shows that 
this endothermic p2ocess occurs i n  two main s t a g e s  with maxima around 150°C 
(30°F) and 3 4 0 ° C  (640OF) and that t h e  presence of  a proportion of magnesia i n  a 
s o l i d  s o l u t i o n  raises the requi red  temperature by only about 1 5 ° C  (25°F). 

This presence o f  MgO, however, does re ta rd  t h e  growth of  N i O  during ca lc ina t ion  
as shown i n  f igures  2, 3 and 4. Figure 2 shows, f o r  example, t h a t  c a l c i n a t i o n  a t  
500°C (920OF) f o r  4 hours r e s u l t s  i n  an increase i n  N i O  c r y s t a l l i t e  s ize  t o  300 - 
400 1 whereas, a f t e r  the same treatment, the  c r y s t a l l i t e  s i z e  of an NiO-MgO s o l i d  
s o l u t i o n  (60 - 40 w/w) would be  only about 80 1. Figures 3 and 4 show t h e  e f f e c t  
of durat ion of ca lc ina t ion  on c r  s ta l  growth a t  d i f f e r e n t  temperatures. 
i t e  s i z e  is proport ional  t o  T 0*J5 f o r  N i O  a lone,  and proport ional  t o  T o*lz f o r  
NiO-MgO and f o r  M g O  alone. 

Figure 5 shows the  e f f e c t  of c a l c i n a t i o n  temperature on t h e  subsequent a c t i v i t y  of 
t h e  c a t a l y s t  a f t e r  reduction a t  3 0 0 ° C  (570OF). 
made i n  laboratory tubular  r e a c t o r s  operating at  I atmosphere pressure,  i n l e t  gas 
composition CO O . b $ ,  N2 25$, H2 74.6g and i n l e t  temperature 3 0 0 O C .  Conversion of 
CO is measured and the c a t a l y s t  a c t i v i t y  expressed as the a c t i v i t y  c o e f f i c i e n t ,  k ,  
i n  the  f i r s t  order  equation : 

They a r e ,  therefore ,  unsui table  for use i n  conventional ammonia 

Both MgO and N i 0  have face-centred cubic 
The s i m i l a r i t y  between t h e  ion ic  r a d i i  of 

Such s o l i d  s o l u t i o n s  a r e  more d i f f i c u l t  t o  reduce than separate  

For ease and completeness of reduct ion i n  a methanation c a t a l y s t ,  

C r  s ta l l -  

These a c t i v i t y  measurements are 

r a t e  = k pco POa3 (I - E ) e - e RT 
KP 
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The r e d u c i b i l i t y  of the  c a t a l y s t  is demonstrated i n  figure 6 which shows t h e  
a c t i v i t y  of c a t a l y s t s ,  measured as described above, after reduction t o  constant  
a c t i v i t y  a t  temperatures i n  t h e  range 280" - 3 5 0 ° C  (530" - 660°F). It w i l l  be  
seen t h a t  c a t a l y s t  11-3 compares favourably with o ther  c a t a l y s t s  which contain 
larger amounts of  alumina and consequently are more d i f f i c u l t  t o  reduce at  
acceptable  temperatures. 

In summary, therefore ,  we have found i t  b e n e f i c i a l  t o  include a small amount of 
MgO (2  - 3%) i n  I C 1  methanation c a t a l y s t  11-3. T h i s  provides the  i d e a l  compromise 
between ease of r e d u c i b i l i t y  and s i n t e r i n g  resis tance.  By t h i s  means, a c a t a l y s t  
is produced which is r e a d i l y  reduced a t  3 0 0 ° C  - 3 5 0 ° C  (570" - 660OF) but with 
which l o s s  of a c t i v i t y  caused by s i n t e r i n g  i s  not a problem during severa l  years ,  
normal operation at  temperatures up t o  350°C (660OF). 
been confirmed by experience i n  many p l a n t s  including I C I ' s  th ree  loo0 ton/day 
ammonia p l a n t s  a t  Billingham, England. 

T h i s  good performance has 

Poisons 

With a well cons t i tu ted  c a t a l y s t  of this type, a t  normal operat ing temperatures 
s i n t e r i n g  is not  an important cause of  loss of a c t i v i t y  even i f  the  c a t a l y s t  is 
occasionally overheated. The pr inc ipa l  cause is  poisoning. Sulphur compounds 
are v i r u l e n t  poisons f o r  n i c k e l  c a t a l y s t s  but i n  the  s y n t h e s i s  gas p u r i f i c a t i o n  
stream the methanation c a t a l y s t  i s  protected by t h e  LT s h i f t  c a t a l y s t  i n  t h e  
preceding s tage  which is an e f f i c i e n t  sulphur-guard. 
operation t h e  methanation c a t a l y s t  is unl ikely t o  be exposed t o  sulphur. 
exception t o  this would be i f  t h e  LT s h i f t  converter were p a r t i a l l y  by-passed in 
which instance sulphur could reach the methanation c a t a l y s t .  
of the  c a t a l y s t  can occur; f o r  example one containing about 30% N i O  (before 
reduction) shows s i g n i f i c a n t  l o s s  of  a c t i v i t y  when the  sulphur content exceeds 

Therefore i n  normal 
The 

Serious deac t iva t ion  

-0.1%. 

The poisons most l i k e l y  t o  be encountered on an ammonia p lan t  a r e  those 
or ig ina t ing  i n  t h e  CO -removal system which precedes the methanator. Carry-over 
of a s m a l l  amount of &quid i n t o  the methanator, which is almost inevi tab le ,  i s  
not normally ser ious.  Plant  malfunction, however, can sometimes r e s u l t  i n  l a r g e  
quant i t ies  of C02-removal l i q u o r  being pumped over t h e  c a t a l y s t  and this can be 
very deleter ious.  
methanation c a t a l y s t  a c t i v i t y .  

Table I shows the e f f e c t  of common C02 - removal l iquors  on 

Table 1 

Procees 

Benfield process 

Vetrocoke process 

Benfield DEA 

Sulphinol 

MEA, DEA 

Cold Rect i so l  

removal systems 

Chemicals 
~~~~ ~ 

Aqueous potassiua carbonate 

Aqueous potassium carbonate- 
arsenious oxide 

Aqueous potassium carbonate 
plus  3 per  c e n t  diethanol- 
amine 

Sulpholane, water, di-iso- 
propanolamine 

Mono- o r  diethanolamine i n  
aqueous s o l u t i o n  

Methanol 

Ef fec t  

Blocking of  pores of methanation 
c a t a l y s t  by evaporation of  
potassium carbonate so lu t ion  

As Benfield. Also AS 0 i s  
poison - about one-ha$f30f act- 
i v i t y  is l o s t  when As = Q.5$ 
A s  Benfield. DEA is harmless 

Sulpholane w i l l  decompose and 
give sulphur  poisoning 

NO poisoning e f f e c t  

NO poisoning e f f e c t  
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b e d i c t i o n  of Catalyst  L i fe  

In t h e  operat ion o f  a methanator, i t  is important t o  be ab le  t o  estimate the 
remaining f u t u r e  useful  l i f e  of a c a t a l y s t  charge a t  any moment. The quest ion 
t o  be answered is Itshould t h i s  c a t a l y s t  charge be changed during t h e  shut-down 
planned f o r  x weeks time o r  is i t  good enough t o  last until t h e  next  shut-down 
planned f o r  a year  hence?". S t r i c t l y ,  therefore ,  the  requirement is f o r  a 
Yes/No answer r a t h e r  than a p r e c i s e  predict ion,  the  assumption being t h a t  
changing a c a t a l y s t  alone w i l l  nover be t h e  reason f o r  a shutdown. 
reasonable because, i f  the c o s t  of p lan t  down-time is compared with the  c o s t  o f  a 
c a t a l y s t  charge, i t  is c l e a r l y  economic t o  change c a t a l y s t  r a t h e r  than t o  run the  
r i s k  of  a catalyst  f a i l u r e  causing an addi t iona l  shut-down. 

Methanation converters  on most ammonia p lan ts  a r e  over-designed, both f o r  s a f e t y  
reasons and as a r e s u l t  of  i n c r e a s e s  in c a t a l y s t  a c t i v i t y  s i n c e  p lan ts  were b u i l t .  
Consequently a t  the  beginning of  t h e  c a t a l y s t * s  l i f e  most of  t h e  methanation is 
v i r t u a l l y  completed i n  the f i r s t  25% of the bed and monitoring exit gas composition 
gives  no information about die-off of  the c a t a l y s t .  
normally by a poisoning mechanism and, as poisoning oontinues, t h e  volume of a c t i v e  
c a t a l y s t  remaining w i l l  eventual ly  be i n s u f f i c i e n t  t o  meet t h e  r e g  i r e d  duty. 
Although the thermodynamic e x i t  l e v e l s  of CO and C02 are about 10 
p r a c t i c e  these  are not a t t a i n e d  because of k i n e t i c  and o ther  l i m i t a t i o n s  and the 
a c t u a l  e x i t  concentrations, during normal operat ion,  a r e  of t h e  order  of  1-2 ppm. 

A technique has been devised f o r  ca lcu la t ing  when e x i t  carbon oxides w i l l  exceed 
any given design l e v e l  and hence predict ing the f u t u r e  useful  l i f e  of  the c a t a l y s t  
charge. 
i n  t h e  bed using a moveable thermocouple or  a series of f ixed thermocouples. 
point  on the  p r o f i l e  is se lec ted  a t  which conversion is near ly  complete. 
point  can, f o r  example, be taken as the point  a t  which 5°F temperature rise remains; 
the t o t a l  temperature rise across  a methanator is typica l ly  60°F. The 5OF point  
provides a good compromise between s e l e c t i n g  a point  near  the  top of the  temper- 
a t u r e  r i s e ,  so t h a t  pressures  and temperatures can be regarded as near ly  constant  
f o r  t h e  remainder of the bed, and minimising inaccuracies  i n  temperature 
measurements. 
same r e s u l t .  
commonly accepted (Ref 2 ) ,  so that over the  l as t  p a r t  of the c a t a l y s t  bed, only 
the completeness of  C02 methanation need be considered. 

The temperature p r o f i l e  obtained by means of a moveable thermocouple is of the 
form shown i n  Figure 7. For highest  accuracy, t h e  maximum poss ib le  number of 
readings should be made i n  t h e  region of the 5°F point. 
p r o f i l e  t o  obtain a c a t a l y s t  l i f e  pred ic t ion  is made graphica l ly  and the 
mathematical der iva t ion  of t h e  technique appears i n  the  Appendix. 
assumes f i r s t  o rder  reac t ion  k i n e t i c s  with respect  t o  CO 
gradient  of  t h e  temperature p r o f i l e  a t  the 5OF poin t  is &awn, i e the  tangent t o  
the curve a t  this point ,  this is a measure of t h e  rate of  reac t ion  a t  this point  
i n  t h e  bed. 
the  bed, t h i s  can be used t o  es t imate  t h e  f u r t h e r  depth of  bed required f o r r e a c t i o n  
t o  reach any se lec ted  carbon oxides leve l .  
requirement t o  have t o t a l  CO + CO 
c a t a l y s t  ( e  g GO + CO $ 10 ppm).' More commonly, however, t h e  main object ive is to  

This is 

Catalyst  deac t iva t ion  occurs 

ppm, i n  

The method is based upon accura te  measurement of t h e  temperature p r o f i l e  
A 

This 

Obviously, i f  the  method is va l id ,  any se lec ted  point  w i l l  g ive the 
The method a l s o  assumes that CO methanates before C02, which is 

In te rpre ta t ion  of this 

The method 
(Ref 2 ) .  I f  t h e  

If c a t a l y s t  a c t i v i t y  is assumed t o  be constant  i n  the  remainder of 

Design l i m i t s  may b e  imposed by the  
low enough t o  avoid poisoning ammonia synthes is  

m i n i m i s e  ammonium car&imate, 
l i m i t  of C02 a 2 ppm appears 

i n  the synthes is  gas loop f o r  which a 

The last 5OF r i s e  of temperature a t  the end of the  bed corresponds t o  methanation 
of about 465 ppm CO ; typ ica l ly  methanation of 1% C02 produces a temperature rise 
of 108OF; 1% CO proguces 133OF. 
l e v e l  of 2 pprn C02 corresponds t o  the  point a t  which the tangent i n t e r s e c t s  a 
hor izonta l  l i n e  drawn 28OF above t h e  5OF point. 
therefore  as shown i n  Figure 8. 
pos i t ion  of  the  %ffec t ive  end of t h e  bed" and hence of the amount o f  reserve 

It can be shown (see Appendix) that an exit  

The graphical  construct ions are 
T h i s  permits i d e n t i f i c a t i o n  of  the present  
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c a t a l y s t  remaining. 
located by this method a s  1-1.5 i t  below the  poin t  a t  which, within measurement 
accuracy, m a x i m u m  temperature is a t ta ined .  
the  shape of the  p r o f i l e ,  i e on the a c t i v i t y  of  t h e  c a t a l y s t ,  and should be 
regarded as not more than an ind ica t ion .  
previous h is tory  of t h e  charge i n  order  t o  eatimate t h e  r a t e  of p r o f i l e  
movement a d  l i k e l y  f u t u r e  usefu l  l i f e  of  the charge. 

The main disadvantage of this technique is t h a t  i t  re l ies  upon very accurate  
temperature measurement, p a r t i c u l a r l y  near the t o p  of the  temperature p r o f i l e  80 

that the pos i t ion  of  the  5°F point  can be es tab l i shed  and the tangent accura te ly  
constructed. 
e ra t ions  when, i n  f a c t ,  o ther  f a c t o r s  may be more important. 
however, although this introduces some s c a t t e r  i n t o  successive measurements - as 
does var ia t ion  in duty required of  t h e  methanator - t h e  technique has proved very 
s a t i s f a c t o r y .  Typical f indings a r e  represented in Figure 9 where, i f  the  present 
r a t e  of c a t a l y s t  die-off continues, t h e  end of  usefu l  c a t a l y s t  l i f e  i s  reached 
when t h e  current  end of  t h e  bed reaches the  a c t u a l  end of the  bed, i n  t h i s  
instance a f t e r  about 6 years  on l i n e .  

I n  our experience, t h e  Ifeffect ive end of the bed11 is UeUally 

This figure obviously depends upon 

It i s . t h e n  neceseary to study the 

Also, t h e  end of  the bed is predicted from only k i n e t i c  consid- 
In prac t ice ,  

Conclusion 

In summary, therefore ,  w e  can say that methanation c a t a l y s t s  for these 
appl ica t ions  are very s a t i s f a c t o r y  in terms of a c t i v i t y ,  s t r e n g t h  and s t a b i l i t y .  
I n  the  absence o f  detr imental  mal-operations, one can expect favourable 
operat ing experience and w e  have demonstrated a simple and convenient method by 
which t h e  fu ture  usefu l  l i f e  of a c a t a l y s t  on-l ine can be  estimated. 
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Appendix 

Derivation of Graphical Method 

The C02 methanation r e a c t i o n  is:- 

C02 + 4H2 = CH4 + 2H20 + H 
where H = heat  of reac t ion  

The rate of conversion of C02 i n  a s h o r t  sec t ion  of t h e  c a t a l y s t  bed o f  length  
d l  can be ca lcu la ted  from the  f i r s t  order  r a t e  equation:- 

where dX = moles CO converted per second per unit volume of  bed 
2 
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P =  
P =  

T =  
a =  
Kp = 
K .  

rate constant  a t  To 
partial  pressure o f  C02 
t o t a l  pressure 

temperature o f  s e c t i o n  of bed, O K  

t o t a l  pressure c o e f f i c i e n t  

equilibrium cons tan t  f o r  t h e  reac t ion  

Since the  system is  f a r  from equi l ibr ium, (the a c t u a l  CO 
the  exit of the  bed i s  about  2 ppm compared with an equi$ibrium concentrat ion of 

concentrat ion even at  

ppm), K is small compared w i t h  K and the term - ( C t e c o m e s  uni ty  P 

i e t h e  e f f e c t  of the  reverse  r e a c t i o n  can be ignored. Equation (1)  then 
becomes:- - ; ($ - ;) . . . . . . . . . . . . . .  2) dX = ko p Pa e 

Considering t h e  small s e c t i o n  of  bed of length d l  and croes-sect ional  area A:- 
Heat from reac t ion  = dX.HA.dl cals/second 
Therefore the temperature r ise  dT acros6 the s e c t i o n  of bed is given by:- 

dxoHA.dl . . . . . . . . . . . . . . . . . . . .  3) 
Gc 

dT = 

where G = gas flow r a t e  i n  moles/second 

C = s p e c i f i c  heat  of  g a s  per mole a t  T and P 

Rearranging (3) 

The temperature 
therefore  : - 

dT 
CG 

Now f o r  a poin t  
the  temperature 

and combining wi th  (2):- 

gradient  a t  a p o i n t  i n  the bed where the temperature is  T is 

E 
. ko Pa p e 

A near the  t o p  of the  p r o f i l e  ( see  Fig 8) a t  temperature Ti, 
gradient  (dd), is given by:- 

Now s u b s t i t u t i n g  f o r  ko in equat ion ( 2 ) ,  
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Considering only the last sec t ion  of the  bed where l i t t l e  conversion OOcWS, 
seve ra l  s impl i f i ca t ions  can be made. The t o t a l  pressure is v i r t u a l l y  constant 

, 

and P1 = P ' 

Hence, dX = (%,(%, El e . . . . . . . . . . . .  4) 

The temperature change is a l s o  s m a l l  so t h a t  the  exponential  term can be taken 
a s  unity. The molar flow, G, can be assumed t o  be constant between A and B and 
the CO 
The v-o$ume of the sec t ion  of bed is A d l  so t h a t  the r a fe  of C02 conversion, dX, 
is therefore  : - 

conversion is propor t iona l  t o  the  change of CO partial pressure,  dp. 

d X =  - .$ G 
Ad1 

Combining t h i s  with (4 ) ,  a f t e r  s impl i f ica t ion : -  

In tegra t ing  between A and C, w e  ob ta in  

dT C P . g . . . . . . . . . . . . . . .  5 )  
P1 

where p2 = p a r t i a l  pressure of C02 a t  bed depth L2 

For a typ ica l  methanation system, 

C = 4 x k cal/mole OF 

H = -41.9 k cal/mole 

P = 30 a t  

Taking A as the point 5OF below m a x i m u m  temperature, at  this poin t ,  46.5 ppm C02 
remains t o  be methanated. 
Equation (5) reduces to:- 

Take design e x i t  C02 concentration as 2 ppm. 

4 10-3 

Since 

CL2 - L l )  = 

T j  - T1 28.0 OF 

L P , 
Hence a l i n e  drawn 28OF above the  5 O F  p o h t  w i l l  i n t e r s e c t  the  tangent t o  t h e  
p r o f i l e  at  the 5OF poin t  a t  t h e  pos i t i on  corresponding t o  the  present  end of 
the  c a t a l y s t  bed. 
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FIGURE 7. TYPICAL METHANATOR TEMPERATURE 
PROFILE 
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FIGURE 9.  FUTURE USEFUL LIFE PREDICTION 
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